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ABSTRACT
Laser therapies are based on the 
principle of light absorption by tis-
sues and rely on three types of 
interactions: photochemical, pho-
tothermal and photomechanical 
interactions. In the first case, the 
photon energy is employed to trig-
ger photochemical reactions, in the 
second the energy is converted into 
heat, while in the latter case mechan-
ical effects are elicited. The preva-
lence of one or the other effect can 
be studied by considering the “chart 
of photo-induced effects” as detailed 
below. Generally speaking, laser in-
teraction with tissue is governed by 
the following parameters: (i) laser 
wavelength, irradiance and light de-
livery mode for the laser source; (ii) 
the absorption and scattering prop-
erties (i. e. absorption and scattering 
coefficients) for the tissue. Irradi-
ance, defined as the amount of light 
energy impinging on the tissue per 
unit of time and area, determines 
the intensity of the laser beam inter-
acting with the target tissue.
After introducing a classification of 
the photo-induced effects, we will 
concentrate on the photothermal 
ones, analyzing their role in both 
therapeutic effects and safety is-
sues.

INTRODUCTION
Chart of photo-induced effects
When laser light interacts with bi-
ological tissues, different effects 
can take place, depending on both 
the tissue's properties and the pa-
rameters of the light source [1-3]. 
These effects can be initially divided 
into two main categories: radiative 
processes, which involve the emis-
sion of energy in the form of light 
or other electromagnetic radiation, 
and non-radiative processes, where 
the absorbed energy is dissipated 
through mechanisms such as heat 
generation or molecular vibrations, 
without the emission of radiation. In 
this discussion, we will focus solely 
on non-radiative processes, as radi-
ative effects are generally negligible 
in the context of photo-therapies 
and are mainly relevant for diagnos-
tic applications only.

Non-radiative processes can be cat-
egorized using a diagram (Fig. 1) 
that associates them with two criti-
cal factors: the light irradiance (E) at 
the tissue surface and the duration 
of the laser exposure (τlaser). The ir-
radiance is generally measured in 
Watt / cm2 and can either be calcu-
lated from the laser emission char-
acteristics — factoring in potential 

changes due to reflections, beam 
expansion in air, or interaction with 
other tissues — or measured direct-
ly with a power meter, which gen-
erally returns a power value. Then, 
accurately determining E requires 
proper estimation of the beam’s 
spot size at the air-tissue interface, 
which may involve various tools. 
These range from simple instru-
ments like rulers or calipers to more 
advanced methods such as Knife-
edge techniques. Another option 
involves using light-sensitive films, 
such as Gafchromic™ films, which 
can provide a resolution of up to 50 
μm in the UV-visible range. Howev-
er, newer versions of these films like 
the EBT3 model show reduced sen-
sitivity to visible light, though they 
still perform well in certain UV rang-
es. A reasonably precise estimate of 
τlaser by the operator is often suffi-
cient to predict the primary effects, 
as outlined in Fig. 1. This estimation 
is valid when τlaser corresponds di-
rectly to the treatment duration or 
is appropriately derived from the 
operational characteristics of the la-
ser being used in the case of pulsed 
lasers.

Once both E and τlaser are estab-
lished, their product yields the ener-
gy fluence [J/m²], which represents 
the energy per unit area delivered 
to the biological tissue. In Fig. 1, 
inclined lines are characterized by 
constant energy fluence values, 
aiding in the visualization of how 
the same energy fluence can be 
achieved under different combina-
tions of E and τlaser. Based on the in-
creasing energy fluence values, the 
three main photo-induced effects 
are identified: photochemical, pho-
tothermal, and photomechanical. It 
can be noticed that photochemical 
interaction is predominant for lower 
irradiance values and higher inter-
action time; if these two parameters 
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increase, photothermal interactions 
become visible until they eventually 
account for the primary interaction 
mode. It is important to remember 
that more than one effect can be 
present at the same time; the chart 
in Fig. 1 can help in predicting if and 
which of them will be predominant 
in given irradiation conditions.

Photothermal effects 
When a biological tissue is irradiated 
with a laser beam, the photons may 
be absorbed by various molecules 
within the tissue, known as chromo-
phores. This absorption leads to an 
increase in the energy state of these 
molecules, which then dissipate en-
ergy as heat through molecular vi-
brational and rotational modes. The 
efficiency of this process is highly 
dependent on the tissue’s specific 
optical properties, particularly its 
absorption coefficient, which varies 
with the wavelength of the incident 
light.

The photothermal effect is largely 
determined by the tissue’s endog-
enous absorbers, including water, 
hemoglobin, and melanin. These 
chromophores absorb light at spe-
cific wavelengths, making the pho-
tothermal response wavelength-de-
pendent. For instance, water 
strongly absorbs infrared radiation, 
while melanin and hemoglobin ab-
sorb light primarily in the visible and 
near-infrared regions. This wave-
length-dependent absorption must 
be carefully considered when select-
ing lasers for therapeutic purposes, 
as it dictates both the depth of pen-
etration and the nature of the ther-
mal effect produced in the tissue. 

For a more detailed discussion on 
the absorption properties of opti-
cal radiation by the most prevalent 
chromophores in biological tissues, 

we refer to the review by Martins 
et al. 2023 [5]. In that study, the ab-
sorption and effective absorption 
coefficients μa and μeff are precisely 
defined, which is the physical pa-
rameter that quantifies the overall 
light absorption. It is important to 
highlight that a specific molecule 
absorbs light differently depending 
on the wavelength. Therefore, a sin-
gle absorption value cannot be ap-
plied across a broad range of wave-
lengths. Instead, for each specific λ, 
the corresponding absorption coef-
ficient must be used. Failing to do 
so could result in significant errors 
in the analysis or application. This 
wavelength-dependent absorption 
is critical in applications like laser 
therapy, where precise energy dep-
osition in the tissue is required for 
therapeutic efficacy and to avoid un-
intended damage. Understanding 
and applying the correct absorption 
coefficient for the relevant wave-
length ensures that the interaction 
between light and tissue is accurate-
ly modeled, leading to more con-
trolled and predictable outcomes.

For a more detailed discussion on 
the pathological effects of tempera-
ture increase in tissues, we refer to 
Douplik [1] and Thomsen [6]. For a 
quick overview of photothermal ef-
fects, Table 1 summarizes the main 
effects that can be induced depend-
ing on the temperature reached 

by the biological tissue. Some of 
these effects can be classified as 
reversible or irreversible, based on 
whether the tissue can return to its 
normal state once the temperature 
increase ceases. Reversible damage 
allows the cell or tissue to recover, 
while irreversible damage occurs 
rapidly, typically within seconds to 
minutes, and cannot be repaired 
through natural healing processes, 
which usually take days or weeks. 
Fig. 2 illustrates the conditions un-
der which irreversible biological ef-
fects are achieved.

The temperature increase in biolog-
ical tissue can be induced using an 
optical source that operates either 
in continuous or pulsed mode. In 
the first case, with continuous op-
eration, energy is delivered steadily 
and continuously until the operator 
decides to stop the laser emission, 
resulting in gradual and uniform 
heating of the tissue. In contrast, 
pulsed optical sources emit laser 
radiation in short, repeated bursts. 
The pulse duration, repetition rate, 
and delivered energy are parame-
ters that depend on the specific type 
of source used and may or may not 
be adjustable by the operator. The 
overall treatment duration, there-
fore, corresponds to a different 
number of pulses delivered. This 
method generally allows heat to be 
concentrated in localized areas, lim-

TISSUE TEMPERATURE PHOTOTHERMAL EFFECTS

42°C – 45°C Protein structural changes, hydrogen bond breaking, retraction

45°C – 50°C Enzyme inactivation, changes in membrane permeabilization, oedema

50°C – 60°C Coagulation, protein denaturation

~ 80°C Collagen denaturation

80°C – 100°C Dehydration

> 100 °C Boiling, steaming

100°C – 300°C Vaporisation, tissue ablation

> 300 °C Carbonisation

Table I. Photothermal effects of laser-tissue interaction as function of the tissue temperature.
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iting thermal diffusion to surround-
ing tissues and reducing the risk of 
collateral damage. In fact, if we con-
sider pulsed lasers, the photother-
mal effects depend on the pulse du-
ration (tpulse) and the specific tissue 
thermal properties, which are rep-
resented by the so-called “thermal 
relaxation time” (tthermal). This char-
acterizes the time with which heat 
is dissipated in the tissue, starting 
from the volume where laser ab-
sorption takes place. Formally, tthermal 
is defined as a function of the laser 
penetration depth and the tissue 
thermal diffusion coefficient, and 
will be the object of a specific article. 
Here, we would just like to mention 
that the following two cases can be 
discussed: (i) tpulse << tthermal; (ii) tpulse >> 
tthermal. In case (i), heat is confined in 
the volume where laser absorption 
takes place, leading to a high and 
local temperature increase. Case (ii) 

represents the opposite occurrence, 
where heat is dissipated in the sur-
rounding regions during the photo-
thermal energy release, therefore 
heating a greater tissue volume but 
limiting the temperature increase. 
The choice of laser wavelengths and 
laser pulse duration determines the 
occurrence of one or the other case.

The heat generated during laser-tis-
sue interaction can be exploited in 
therapy [7-10], both in the treatment 
of musculoskeletal pathologies and 
in regenerative medicine, according 
to the modality and timing of heat 
release. At the same time, photo-
thermal effects are associated with 
laser-safety issues, for both the pa-
tient and the operator, in the case 
they are not the main desired in-
teraction pathway when using laser 
light in the medical field [11]. When 

the energy delivered by the laser is 
too high, or the exposure time is too 
long, the resulting temperature rise 
can cause tissue damage, leading to 
burns or other injuries. To mitigate 
these risks, stringent safety proto-
cols are required, encompassing 
both the technical parameters of 
laser systems and the training of 
personnel. Compliance with safety 
standards, such as those set by in-
ternational guidelines, ensures that 
the therapeutic benefits of laser 
treatment are realized without com-
promising safety.

CONCLUSIONS 
In conclusion, the interaction be-
tween laser light and biological tis-
sue is a complex process governed 
by the wavelength-dependent ab-
sorption of light by endogenous 
chromophores. This interaction 

Figure 1 
Map of photo-induced effects reported as function of the exposure time τlaser, 
expressed in second (s) and light source irradiance E, in W/cm2 [4].
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forms the basis for photothermal 
effects, which are widely utilized in 
medical therapies. The proper un-
derstanding and management of 
these effects are crucial not only 
for achieving therapeutic efficacy 
but also for adhering to laser safety 
protocols, ensuring that laser treat-
ments are both effective and safe 
for patients and operators alike. 
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Figure 2 
Critical temperatures for the occurrence of cell 
necrosis. Image from [1].
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